Flap endonucleases (FENs) and related FEN-like enzymes (EXO-1, GEN-1 and XPG) are a family of divalent metal ion dependent nucleases that catalyse structure-specific hydrolyses of DNA duplex containing nucleic acid structures during DNA replication, repair and recombination. In the case of FENs, the ability to catalyse reactions on a variety of substrates has been rationalised as a result of combined functional and structural studies. Analyses of FENs also exemplify controversies regarding the two metal ion mechanism. However, kinetic studies of T5FEN reveal that a two metal ion like 
Introduction
Flap endonculeases (FENs) are divalent metal ion dependent, structure-specific, nucleic acid hydrolysing enzymes that play critical roles in DNA replication and repair [1, 2] . In replication and certain types of DNA repair they are responsible for removal of the primers present as 5'-flaps. In vitro FENs possess multiple structure specific DNA hydrolysing activities catalysing both the endonucleolytic reactions of 5'-bifurcated substrates and the 5'-exonucleolytic reactions of blunt ended DNAs (Figure 1a ) [3] [4] [5] . All FEN activities proceed from the same active site and have an absolute requirement for divalent metal ion cofactors. In higher organisms other FEN-like proteins have been identified on the basis of sequence alignments and are involved in DNA repair and recombination. In humans these hFEN-1 paralogues are EXO-1, GEN-1 and XPG [6] [7] [8] [9] [10] .
All of these enzymes can carry out the FEN-type flap endonucleolytic reactions on 5'-flap structures in vitro, but the in vivo substrates of GEN-1 and XPG are proposed to be Holliday junctions and DNA repair bubbles respectively ( Figure 1a ) [6, 9, 10] .
FEN structures, FEN-like protein organisation and FEN-substrate interactions
Since their initial discovery over two decades ago significant advances have been made towards understanding the molecular basis of FEN action. Structures of FENs from multiple domains of life have highlighted that a common protein structure has been maintained to sustain FEN activity from bacteriophages through archaea to humans [11] [12] [13] [14] [15] [16] [17] [18] [19] . The protein has a two domain saddle like structure, formed from the N and C terminal parts of the protein, that are joined by an intermediate (I) domain (Figure 1b) . In archaea as well as higher eukaryotes C-terminal extensions act as interaction sites for other proteins [14, 16, 18] . EXO-1, GEN-1 and XPG appear to contain the same overall domain organisation [6] [7] [8] [9] [10] . In structures of bacteriophage T5 FEN (T5FEN) and Archaeoglobus fulgidus FEN (AfFEN) the I domain is observed to form a helical arch [13, 18] , but appears more clamp-like in the structure of Pyrococcus furiosis FEN [14] and various states of order/disorder have been observed in other structures (Figure 1c and   d ). An initial puzzle was the ability of FENs to act on multiple DNA structures. Through a combination of protein mutagenesis, biophysical and kinetic experiments, studies using altered DNA substrates and finally structural studies of DNA protein complexes, an understanding of the mode of interaction of FEN substrates with the enzyme has emerged (Figure 1c and d) [18] [19] [20] [21] [22] . A characteristic of FEN reactions is that the major site of reaction occurs one nucleotide (nt) into the double stranded region. The duplex downstream of the main site of reaction is bound in the C-terminal domain by a modified form of the non-specific duplex DNA interaction motif, the helix-three-turn-helix, a variant of the helix-hairpin-helix motif first discovered in the endonuclease III structure [23] . Duplex or single stranded DNA upstream of the major site of FEN action is bound by the N-terminal domain and is bent at a 90° angle with respect to the downstream strand [18, 19] .
Higher organism FENs have enhanced specificity for reaction one nt into the duplex region in comparison to their lower organism counterparts, providing the substrate has an upstream duplex with a single nt 3'-flap [24] . Substrates with 5'-flaps and a 3'-extra nt (so-called double flap substrates) are processed with enhanced reaction rates by hFEN-1 [5] . A binding site for the 3'-extra nt exits in higher organism FENs, formed from helices not present in bacteriophage FENs [4, 19, 25] (Figure 1c ). Forming this interaction presumably restricts the substrate to a unique interaction mode with the protein that gives rise to enhanced specificity [18] . The product of higher organism FEN action is therefore suitable for immediate ligation by DNA ligase. With the exception of this 3'-extra nt, no other contacts are made to this strand of the substrate, but substantive interactions are observed to the opposite (template) strand of the upstream DNA. The hFEN paralogues hEXO-1, hXPG, and hGEN-1 appear to lack the residues associated with the 3'-extra nt binding site, based upon comparisons to the DNA-bound archaeal FEN structure [18] , but similar modes of interaction with downstream and upstream DNA appear likely.
FEN active site and metallobiochemistry
Typical of most metallonucleases, FENs have a carboxylate rich active site that ligands essential divalent metal ion cofactors. This active site is located at the base of the helical arch. However, unlike most other nucleases that contain three or four carboxylates, seven are positionally conserved in all FEN structures and an eighth is conserved in phage and bacteria ( Figure 2 ). The positioning of metal ions in FEN structures has provoked much debate. In the initial structures of FENs from bacteriophage T4 and T5 two metal ions where observed within the active sites with a separation of 6.3 Å and 8 Å respectively, too far apart for both ions to contact the same phosphate [12, 13] . Yet the most common, albeit controversial, mechanism proposed for metallonucleases requires a <4 Å separation for ions to act as Lewis acid catalysts and to serve as a source of generating hydroxide ions [26] . Thus several alternative mechanisms have been proposed for FENs [11, 12, 14, 19, [27] [28] [29] . Later structures of higher organism FENs from archaea and humans revealed 5 Å and 3.4 Å separation between ions respectively, and notably the site occupied by the metal ion 2 in phage structures contains the N-terminus of these proteins [15, 16] . One possibility it that metal 2 in phage and bacterial FENs plays an equivalent, but as yet unknown, role to the N-terminus in higher organisms.
A functional study of T5FEN revealed that the overall reaction catalysed by this enzyme (k cat /K M ) had a third order dependence on magnesium ion concentration, implying a requirement for at least three metal ions [30] . Maximal multiple and single turnover rates of the reaction required the presence of at least two ions with differing affinities. The magnitude of the Michaelis constant was also observed to be metal dependent and was minimised at higher divalent metal ion concentrations, with 1/K M displaying a second order dependence on metal ion concentration at lower magnesium ion concentrations.
Together this suggests that a two metal ion like mechanism for the FEN reaction is plausible if a third ion is bound close to metal 1 as in the human FEN structure (Figure   2c ), but that overall the metallobiochemistry is more complex. 
FEN unpairs its substrate
The only structure of a FEN in complex with a whole bifurcated substrate is that of T4FEN (referred to as T4 RNase H) in complex with a pseudo-Y DNA [19] . An intriguing feature of this structure is that the major site of FEN reaction one nt into the duplex region of substrates is within the downstream duplex bound parallel to the active site (Figure 3a) . In this complex, solved in the absence of metal cofactors, the substrate avoids contact with the active site, presumably as a consequence of carboxylate repulsion. The scissile bond is positioned 7 Å from metal 1 and further from metal 2 observed in a substrate-free structure of the same FEN [19] . However, it is difficult to envisage moving the substrate in its duplex form into the active site. Based upon the metal dependence of substrate equilibria and the structural observations, we suggested that an unpaired form of the substrate would allow the scissile bond to make intimate contact with the metal ion in the active site ( Figure 3b ) [30] . Thus a feature of FEN substrate interactions may be to recognise and capture a transiently unpaired breathing nucleic acid substrate within the context of a complex DNA structure. We propose that this property is likely shared with XPG, EXO-1 and GEN-1.
How do FENs and FEN-like proteins interact with the 5'-portion of their substrates?
Another feature of FENs that has attracted much debate is their mode of interaction with the 5'-portion of their substrates (Figure 1d ). At physiological pH FEN substrates with 5'-flaps interact with FEN protein with low nM dissociation constants in the absence of cofactors, whereas substrates lacking 5'-flaps interact much more weakly [19, 31] . In its structured form the FEN helical arch formed from the I domain is wide enough to accommodate single but not double stranded DNA [13] . This provides a pleasing rationalisation of the much greater affinity of 5'-flap containing substrates, and it was proposed that single stranded DNA flaps were threaded through the arch [13, 32] . More recently in the structure of T4FEN complexed with pseudo-Y DNA, the 5'-flap potion of the substrate does indeed appear to go though the arch, although a portion of the I domain was disordered in this structure (Figure 1d ) [19] . Superposition of the T4 complex with FENs with structured helical arches leads to passage of the 5'-single strand through the arch [19] . However, FENs also accommodate substrates where the 5'-portion of the molecule contains a region of duplex and this gap endonuclease activity proceeds with only a 10-fold reduced catalytic efficiency for hFEN-1 [5] . Assuming threading is a prerequisite for reaction then it is possible that duplex DNA could be passed through a disordered arch or that FENs have the capacity to resolve short regions of secondary structure and pass them though the arch as though they are single stranded. Alternatively, substrates with a gapped region could be processed in a different way that does not require passage through the I domain. This could involve using the I domain as a clamp as was suggested on the basis of archaeal FEN structures [14, 18] .
As yet there is no published structural information on EXO-1 and GEN-1 and XPG, but EXO-1 and GEN-1 have predicted similar sized I domains to FENs. In contrast the I region of XPG is 700+ amino acids and has been termed the R-domain as a proposed recognition element for XPG partners [33] . However, some conserved higher organism FEN-1 I domain residues are sequence conserved in all related enzymes (Grasby, unpublished observation). As hEXO-1, a recombination exonuclease, displays FEN type exonucleolytic and endonucleolytic activities [9] , the action of this enzyme is likely to be similar to FENs. However, the proposed biological substrates of GEN-1 and XPG are Holliday junctions and repair bubbles respectively, neither of which have a free 5'-terminus available in vivo [7, 10] . Reconciling the proposed activities of these proteins with a requirement to thread the 5'-portion of substrates through a helical arch is difficult.
However, in nucleotide excision repair XPG acts in concert with XPF to excise damaged DNA, and it has recently been demonstrated that the first cut is made by XPF [34] . (a) Close up of the active site of the T4FEN-DNA complex (2IHN) with metals (pink and green) superimposed according to a substrate-free structure of T4FEN (1TFR). In the absence of metal ions, DNA is stabilised by contacts with hydrophobic residues (orange).
The 5'-nucleobase is coloured red (red base) and is base paired. In this configuration, the phosphate diester corresponding to the major site of FEN reaction (black arrow) is located in the duplex region of the substrate at a distance of 7Å from metal 1.
(b) Suggested unpairing (red base) of the duplex DNA to allow contact between the scissile phosphate diester (black) and metal 1 (green) and produce a functional complex. 
